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SEMICONDUCTOR DEVICES AND
METHODS OF MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 USC §119 to
Korean Patent Application No. 10-2012-0030880 filed on
Mar. 27, 2012 1n the Korean Intellectual Property Office
(KIPO), the contents of which are herein incorporated by
reference in their entirety.

BACKGROUND

1. Field

Example embodiments relate to semiconductor devices
and methods of manufacturing the same. More particularly,
example embodiments relate to semiconductor devices hav-
ing air gaps and methods of manufacturing the same.

2. Description of the Related Art

As semiconductor devices have become more highly inte-
grated, a distance between gate structures or between word
lines may be reduced. Accordingly, a parasitic capacitance or
a cell coupling may occur between the gate structures or the
word lines, and thus a threshold voltage may adequately
aifect the reliability of semiconductor devices.

A charge-trapping type non-volatile memory device
includes a dielectric layer structure having a tunnel insulation
layer, a charge-trapping layer and a blocking layer sequen-
tially stacked n each other, and a plurality of gate electrodes
on the dielectric layer structure. Due to high-k characteristics
of the dielectric layer structure, a cell coupling may not be
suificiently prevented even though an air gap 1s formed
between the adjacent gate electrodes. To expand the air gap
under a bottom surface of the gate electrode, the dielectric
layer structure between the gate electrodes may be etched.

SUMMARY

Example embodiments can provide a method of manufac-
turing a semiconductor device including an air gap.

According to example embodiments, there 1s provided a
method of manufacturing a semiconductor device. A dielec-
tric layer structure and a control gate layer are sequentially
formed sequentially on a substrate. The control gate layer 1s
partially etched to form a plurality of control gates. A gate
spacer and a sacrificial spacer sequentially stacked on a side-
wall of the control gate and on a portion of the dielectric layer
structure are formed. The dielectric layer structure 1s partially
etched using the sacrificial spacer and the gate spacer as an
etching mask to form a plurality of dielectric layer structure
patterns. The sacrificial spacer 1s removed. An insulating
interlayer 1s formed on the substrate to form an air gap. The
insulating interlayer covers the dielectric layer structure pat-
tern, the gate spacer and the control gate. The air gap extends
between the adjacent gate spacers and between the adjacent
dielectric layer structure patterns.

In example embodiments, the dielectric layer structure
may include a tunnel insulation layer, a charge trapping layer
and a blocking layer sequentially stacked on the substrate.

In example embodiments, the dielectric layer structure
may be partially etched until an upper portion of the tunnel
insulation 1s removed.

In example embodiments, the dielectric layer structure
may be partially etched until a top surface of the substrate 1s
exposed.
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In example embodiments, an upper portion of the substrate
may be further etched after partially etching the dielectric
layer structure.

In example embodiments, 1n the formation of the gate
spacer and the sacrificial spacer, a gate spacer layer covering,
the control gates may be formed on the dielectric layer struc-
ture. A sacrificial layer may be formed on the gate spacer
layer. The sacrificial layer and the gate spacer layer may be
partially etched to form the sacrificial spacer and the gate
spacer, respectively. The gate spacer may be formed on the
sidewall of the control gate and on the portion of the dielectric
layer structure, the sacrificial spacer may be formed on the
gate spacer.

In example embodiments, partially etching the sacrificial
layer and the gate spacer layer may be performed by an
anisotropic etching process or an etch-back process.

In example embodiments, the gate spacer layer may be
formed using silicon nitride 10 or silicon oxymitride, and the
sacrificial layer may be formed using silicon oxide.

In example embodiments, the sacrificial spacer may be
removed by a wet etching process in which an etching Solu-
tion having an etching selectivity for the silicon oxide 1s used.

In example embodiments, a width of the control gate may
be smaller than a width of a top surface of the dielectric layer
structure pattern.

In example embodiments, the air gap may include an upper
portion between the adjacent gate spacers and a lower portion
between the adjacent dielectric layer structure patterns. The
upper portion may have a width smaller than a width of the
lower portion.

According to example embodiments, there 1s provided a
semiconductor device. The semiconductor device includes a
dielectric layer structure pattern, a control gate, a gate spacer
and an 1nsulating interlayer. A plurality of the dielectric layer
structure patterns 1s disposed on a substrate. The control gate
1s disposed on a top surface of the dielectric layer structure
pattern. The control gate has a width smaller than a width of
the top surface of the dielectric layer structure pattern. The
gate spacer 1s disposed on a sidewall of the control gate and on
the top surface of the dielectric layer structure pattern. The
insulating interlayer covers the dielectric layer structure pat-
tern, the control gate and the gate spacer. The insulating
interlayer includes an air gap therein. The air gap includes. an
upper portion between the adjacent gate spacers and a lower
portion between the adjacent dielectric layer structure pat-
terns. A width of the upper portion is larger than a width of the
lower portion.

In example embodiments, the gate spacer may have an
L-shape.

In example embodiments, the dielectric layer structure pat-
tern may include a tunnel sulation layer pattern, a charge
trapping layer pattern and a blocking layer pattern sequen-
tially stacked on the substrate.

In example embodiments, the tunnel insulation layer pat-
tern may have a linear shape including a plurality of stepped
portions, and the charge trapping layer pattern and the block-
ing layer pattern may be disposed on the stepped portion.

In some embodiments, a non-volatile semiconductor
memory device can include a gap on a substrate, where the
gap 1ncludes an upper gap portion and a lower gap portion
between an upper surface of the substrate and the upper gap
portion, and where the upper gap portion can be wider than
the lower gap portion. Directly adjacent dielectric layer struc-
ture patterns can be on the substrate and spaced apart from
one another by the lower gap portion and directly adjacent
control gates can be on the directly adjacent dielectric layer
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structure patterns opposite the substrate, where the directly
adjacent control gates can be spaced apart from one another
by the upper gap portion.

In some embodiments a gate spacer can be on facing side-
walls of each of the directly adjacent control gates and on an
uppermost surface of the dielectric layer structure pattern. In
some embodiments, the lower gap portion can extend along
facing sidewalls of the directly adjacent dielectric layer struc-
ture patterns to beyond an uppermost surface of the substrate
located beneath the directly adjacent control gates.

In some embodiments, the gap comprises a ““1”” shaped air
gap. In some embodiments, the lower gap portion can extends
along facing sidewalls of the directly adjacent dielectric layer
structure patterns to beyond an uppermost surface of the
directly adjacent dielectric layer structure patterns located
beneath the directly adjacent control gates.

According to example embodiments, a dielectric layer
structure 1including a blocking layer, a charge trapping layer
and a tunnel insulation layer between adjacent control gates
may be etched so that an air gap may extend under a bottom
surface of the control gate. Belore the etching process, a gate
spacer may be formed on the control gate so that a distance
between a sidewall of the control gate and an etching surface
of the dielectric layer structure may be increased. Thus, a
back tunneling phenomenon may be prevented from being
accelerated through the etching surface of the dielectric layer
structure. Additionally, a sacrificial spacer may be formed on
the gate spacer so that the distance between the sidewall of the
control gate and the etching surface of the dielectric layer
structure may be further increased. The sacrificial spacer may
be removed after the etching process so that a space for
defining the air gap may be sulliciently achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will be more clearly understood
from the following detailed 4 description taken 1n conjunction
with the accompanying drawings. FIGS. 1A to 20 represent
non-limiting, example embodiments as described herein.

FIG. 1A to 1C are cross-sectional views illustrating semi-
conductor devices 1n accordance with example embodiments;

FIGS. 2A to 2C are cross-sectional views illustrating semi-
conductor devices in accordance with example embodiments;

FIGS. 3 to 11 are cross-sectional views illustrating meth-
ods of manufacturing semiconductor devices in accordance
with example embodiments;

FIGS. 12 and 19 are cross-sectional views illustrating
methods of manufacturing 10 semiconductor devices in
accordance with example embodiments; and

FIG. 20 1s a block diagram 1llustrating a schematic con-
struction of a computing system in accordance with example
embodiments.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

L1l

Various example embodiments will be described more
tully heremafter with reference to the accompanying draw-
ings, 1n which some example embodiments are shown. The
present inventive concept may, however, be embodied in
many different forms and should not be construed as limited
to the example embodiments set forth herein. Rather, these
example embodiments are provided so that this description
will be thorough and complete, and will fully convey the
scope of the present mnventive concept to those skilled in the
art. In the drawings, the sizes and relative sizes of layers and
regions may be exaggerated for clarity.
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It will be understood that when an element or layer 1s
referred to as being “on,” “connected to” or “coupled to”
another element or layer, 1t can be directly on, connected or
coupled to the other element or layer or intervening elements
or layers may be present. In contrast, when an element 1s
referred to as being “directly on,” “directly connected to” or
“directly coupled to” another element or layer, there are no
intervening .elements or layers present. Like numerals refer
to like elements throughout. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

It will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
termed a second element, component, region, layer or section
without departing from the teachings of the present inventive
concept.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
case of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device 1n use or operation in addition to the orentation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein 1s for the purpose of describ-
ing particular example embodiments only and 1s not intended
to be limiting of the present inventive concept. As used herein,
the singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms “com-
prises’ and/or “comprising,” when used 1n this specification,
specily the presence of stated features, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

Example embodiments are described herein with reference
to cross-sectional 1llustrations that are schematic illustrations
of idealized example embodiments (and intermediate struc-
tures). As such, variations from the shapes of the 1llustrations
as a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, example embodiments
should not be construed as limited to the particular shapes of
regions 1llustrated herein but are to include deviations in
shapes that result, for example, from manufacturing. For
example, an implanted region illustrated as a rectangle will,
typically, have rounded or curved features and/or a gradient of
implant concentration at its edges rather than a binary change
from 1mplanted to non-implanted region. Likewise, a buried
region formed by implantation may result in some implanta-
tion in the region between the buried region and the surface
through which the implantation takes place. Thus, the regions
illustrated 1n the figures are schematic in nature and their
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shapes are not intended to illustrate the actual shape of a
region of a device and are not intended to limit the scope of the
present mventive concept.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this inventive concept belongs. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and will not be interpreted 1n an 1dealized or overly formal
sense unless expressly so defined herein.

Although *“air gaps” are described herein 1n embodiments
according to the mventive concept, any gap may be used
according to embodiments of the inventive concept. A gap
may be defined, for example, as any void or cavity, and may
be a gap filled with air (e.g., an air gap), a gap filled with an
iert gas or gases (e.g., an mert gas gap), a gap defining a
vacuum (e.g., a vacuum gap), etc. As appreciated by the
present inventive entity, the gap may help reduce parasitic
capacitance due to coupling between immediately adjacent
gate structures by reducing dielectric material therebetween.

Hereinafter, example embodiments will be explained in
detail with reference to the accompanying drawings.

FIG. 1A to 1C are cross-sectional views illustrating semi-
conductor devices 1n accordance with example embodiments.
In example embodiments, the semiconductor device may be a
charge-trapping type memory device.

Referring to FIG. 1A, the semiconductor device may
include a gate structure 170 and an 1nsulating interlayer 190
on a substrate 100. The nsulating interlayer 190 may cover
the gate structure 170.

In example embodiments, a plurality of gate structures 170
may be disposed regularly 1n a first direction, each of which
may extend 1n a second direction substantially perpendicular
to the first direction. An air gap 195 may be formed 1n the
insulating interlayer 190 between the adjacent gate structures
170.

The substrate 100 may include a semiconductor substrate.
For example, the substrate 100 may include a silicon sub-
strate, a germanium substrate, a silicon-germanium substrate,
a silicon-on-insulator (SOI) substrate, a germanium-on-1nsu-
lator (GOI) substrate, or the like. The substrate 100 may be
divided 1nto an active region and a field region by an 1solation
layer extending in the first direction. In example embodi-
ments, a plurality of 1solation layers may be arranged 1n the
second direction.

The gate structure 170 may include a tunnel nsulation
layer pattern 115, a charge trapping layer pattern 125, a block-
ing layer pattern 155, a control gate 165 and a gate mask 167
sequentially stacked on the substrate 100.

The tunnel msulation layer pattern 115 may be disposed in
the active region of the substrate 100. The tunnel insulation
layer pattern 115 may include a material having a relatively
low dielectric constant, e.g., silicon oxide, an oxynitride such
as silicon oxynitride, silicon oxide doped with impurities, or
the like.

The charge trapping layer pattern 125 may be disposed on
the tunnel msulation layer pattern 115. The charge trapping
layer pattern 125 may include silicon nitride, silicon oxyni-
tride or a metal oxide such as hatnium silicon oxide, alumi-
num oxide, or the like.

The blocking layer pattern 155 may be disposed on the
charge trapping layer pattern 123. The blocking layer pattern
155 may include a metal oxide having a relatively high dielec-
tric constant, e.g., hatntum oxide, titamium oxide, tantalum
oxide, zircomium oxide, aluminum oxide, lanthanum oxide,
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strontium oxide, or the like. In example embodiments, the
blocking layer pattern 155 may have a stacked structure
including a first blocking layer pattern 135 and a second
blocking layer pattern 145. The first blocking layer pattern
135 and the second blocking layer pattern 145 may include a
metal oxide different from each other.

As 1llustrated 1n FIG. 1A, the tunnel 1nsulation layer pat-
tern 115 may extend continuously in the first direction. Thus,
the tunnel msulation layer pattern 115 may cover the active
region of the substrate 100 to prevent the active region from
being damaged due to, for example, an etching process. The
tunnel msulation layer pattern 115 may include a stepped
portion 116 protruding vertically with respect to a top surtace
of the substrate 100. In example embodiments, a plurality of
stepped portions 116 may be formed regularly 1n the first
direction. The charge trapping layer pattern 125 and the
blocking layer pattern 155 may be disposed on the stepped
portion 116.

Heremaftter, a structure including the tunnel insulation
layer pattern 115, the charge trapping layer pattern 125 and
the blocking layer pattern 155 may be referred to as a dielec-
tric layer structure pattern 157.

The control gate 165 may be disposed on the dielectric
layer structure pattern 157. In example embodiments, the
control gate 165 may be disposed on a top surface of the
blocking layer pattern 155. The control gate 165 may extend
in the second direction and may serve as a word line of the
semiconductor device. The control gate 165 may include a
metal or a metal nitride such as titanium nitride, tantalum
nitride, or the like.

In example embodiments, a width of the control gate 165
may be smaller than a width of the top surface of the dielectric
layer structure pattern 157 1n the first direction. Accordingly,
a sidewall 165a of the control gate 165 may be spaced apart
from a sidewall 157qa of the dielectric layer structure pattern
157 by a given distance. Therefore, a back tunneling phenom-
enon that may be accelerated from the control gate 165 to the
sidewall 157a of the dielectric layer structure pattern 157 may
be blocked or reduced.

The gate mask 167 may be disposed on the control gate
165. The gate mask 167 may include, e.g., silicon nitride or
s1licon oxynitride.

A gate spacer 185 may be formed on sidewalls of the gate
mask 167 and the control gate 165 and on the blocking layer
pattern 155. In example embodiments, the gate spacer 185
may have a substantial “L” shape. The gate spacer 185 may
extend 1n the second direction like the control gate 165. The
gate spacer 185 may include, e.g., silicon nitride.

The msulating interlayer 190 may be formed on the sub-
strate 100 to cover the gate structures 170. The insulating
interlayer 190 may include silicon oxide having poor step
coverage such as tetra ethyl ortho silicate (TEOS), plasma
enhanced-tetra ethyl ortho silicate (PE-TEOS), undoped sili-
cate glass (USG), or the like.

The air gap 195 may be formed in the insulating interlayer
190 between the adjacent gate structures 170. The air gap 195
may extend in the second direction. In example embodiments,
the air gap 195 may include an upper portion 1954 and a lower
portion 1956 having widths in the second direction that are
different from each other. The upper portion 195q of the air
gap 195 may be formed substantially between the adjacent
gate spacers 183, and the lower portion 1955 of the air gap
195 may be formed substantially between the adjacent dielec-
tric layer structure patterns 157.

In example embodiments, the width of the upper portion
195a of the air gap 195 may be larger than that of the lower
portion 1955 of the air gap 1955. For example, the air gap 195
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may have a substantially hammer (or *““1””) shape 1n which the
upper portion 1954 and the lower portion 1955 may corre-
spond to a head and a grip, respectively.

According to example embodiments, a cell coupling or a
parasitic capacitance occurring between the adjacent control
gates 165 may be reduced by the upper portion 1954 of the air
gap 195. Additionally, a breakdown voltage occurring when
the dielectric layer structure pattern 157 extends continuously
in the first direction may be blocked by the lower portion 19556
of the air gap 1935, so that a leakage current between the
adjacent gate structures 170 may be reduced. In example
embodiments, the width of the upper portion 1954 of the air
gap 195 may be larger than that of the lower portion of the air
gap 195 to sulficiently block the cell coupling between the
adjacent control gates 165.

Referring to FIG. 1B, a plurality of tunnel insulation layer
patterns 115a may be spaced apart from each other along the
first direction. In this case, a lower portion 1965 of an air gap
196 may extend more closely to the top surface of the sub-
strate 100. Theretore, the air gap 196 between the adjacent
dielectric layer structure patterns 157 may have an increased
volume relative to the air gap 195.

Referring to FIG. 1C, an upper portion of the substrate 100
between the adjacent tunnel 1nsulation layer patterns 1134
may be partially recessed. In this case, a lower portion 1975 of
an air gap 197 may extend under the upper surface of the
substrate 100 beneath the gate structures 170.

FIGS. 2A to 2C are cross-sectional views 1llustrating semi-
conductor devices 1n accordance with example embodiments.
For example, the semiconductor devices may be tloating-gate
type memory devices.

Referring to FIG. 2A, the semiconductor device may
include a tunnel msulation layer pattern 2135 formed on a
substrate 200, a gate pattern 260 on the tunnel insulation layer
pattern 215, a gate spacer 283 and an insulating interlayer
290.

The tunnel nsulation layer pattern 215 may include, for
example, silicon oxide. In example embodiments, the tunnel
insulation layer pattern 215 may extend continuously in the
first direction and may include a plurality of stepped portions
216 arranged regularly 1n the first direction.

The gate pattern 260 may be disposed on the stepped por-
tion 216 of the tunnel msulation layer pattern 215. The gate
pattern 260 may include a floating gate 225, a dielectric layer
pattern 235, a control gate 245 and a hard mask 255. In
example embodiments, a plurality of gate patterns 260 may
be arranged on the stepped portions 216 regularly 1n the first
direction, each of which may extend 1n the second direction.

In example embodiments, a width of the gate pattern 260 in
the first direction may be smaller than that of the stepped
portion 216 of the tunnel insulation layer pattern 215 1n the
first direction. Thus, a sidewall 260a of the gate pattern 260
may be space apart from a sidewall 216a of the stepped
portion 216 1n the first direction.

The floating gate 2235 may 1nclude a metal having a high
work function such as tungsten, titanium, cobalt and/or
nickel, or polysilicon doped with impurities.

The dielectric layer pattern 235 may have an oxide-nitride-
oxide (ONQO) layer structure. Alternatively, the dielectric
layer pattern 235 may include a metal oxide having a high
dielectric constant, e.g., hatntum oxide, titanium oxide, zir-
conium oxide, aluminum oxide, or the like. These may be
used alone or in a combination thereof.

The control gate 245 may include, for example, doped
polysilicon, a metal, a metal nitride, a metal silicide, or the

like.
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The hard mask 255 may include, for example, silicon
nitride or silicon oxynitride.

The gate spacer 285 may be formed along the sidewall
260a of the gate pattern 260 and a top surface of the stepped
portion 216 of the tunnel insulation layer pattern 215. In
example embodiments, the gate spacer 285 may have a sub-
stantial “L”” shape.

The msulating interlayer 290 may be formed on the sub-
strate 200 to cover the gate pattern 260 and the gate spacer
285. The air gap 295 may be formed in the msulating inter-
layer 290 between the adjacent gate patterns 260 and between
the adjacent stepped portions 216. In example embodiments,
the air gap 2935 may include an upper portion 2954q and a lower
portion 2956 having a width smaller than that of the upper
portion 295a. The upper portion 295a of the air gap 295 may
be formed substantially between the adjacent gate spacers
285, and the lower portion 29556 of the air gap 295 may be
formed substantially between the adjacent stepped portions
216.

Referring to FIG. 2B, a plurality of tunnel insulation layer
patterns 215a may be spaced apart from each other along the
first direction. In this case, a lower portion 2965 of an air gap
296 may extend more closely to an upper surface of the
substrate 200. Theretfore, the air gap 296 between the tunnel
insulation layer patterns 2154 may have an increased volume
compared to the air gap 295.

Reterring to FIG. 2C, the upper surtace of the substrate 200
between the adjacent tunnel 1nsulation layer patterns 215a
may be partially recessed. In this case, a lower portion 2975 of
an air gap 297 may extend under the upper surface of the
substrate 200 beneath the gate structures 260.

FIGS. 3 to 11 are cross-sectional views 1llustrating meth-
ods of manufacturing semiconductor devices 1n accordance
with example embodiments. For example, FIGS. 3 to 11
illustrate methods of manufacturing charge-trapping type
memory devices.

Referring to FI1G. 3, a tunnel insulation layer 110, a charge
trapping layer 120, a blocking layer 150, a control gate layer
160 and a gate mask layer 162 may be sequentially formed on
a substrate 100.

The substrate 100 may be a semiconductor substrate such
as a silicon substrate, a germanium substrate, an SOI sub-
strate, a GOI substrate, or the like. The substrate 100 may
turther include a well having p-type or n-type impurities. The
substrate 100 may be divided 1nto an active region and a field
region by an isolation layer. In example embodiments, a
plurality of isolation layers may be formed regularly n a
second direction, each of which may extend in a first direction
substantially perpendicular to the second direction.

The tunnel 1nsulation layer 110 may be formed using an
oxide such as silicon oxide, an oxynitride such as silicon
oxynitride, silicon oxide doped with impurities, or the like.
The tunnel msulation layer 110 may be formed by a chemical
vapor deposition (CVD) process, a low pressure chemical
vapor deposition (LPCVD) process, a plasma enhanced
chemical vapor deposition (PECVD) process, a spin coating
process, or the like. Alternatively, the tunnel msulation layer
110 may be formed by a thermal oxidation process on the
substrate 100.

The charge trapping layer 120 may be formed using silicon
nitride or silicon oxynitride in which charges may be trapped
or stored. The charge trapping layer 120 may be also formed
using a metal oxide, e.g., hainium silicon oxide, aluminum
oxide, or the like. The charge trapping layer 120 may be
formed by a CVD process, a PECVD process, an LPCVD
process, a physical vapor deposition (PVD) process, or the

like.




US 9,202,932 B2

9

The blocking layer 150 may be formed using a metal oxide
that may have a relatively high dielectric constant, e.g.,
hatnium oxide, titanium oxide, tantalum oxide, zirconium
ox1de, aluminum oxide, lanthanum oxide, strontium titanium
oxide, or the like. In example embodiments, the blocking
layer 150 may have a stacked structure including a first block-
ing layer 130 and a second blocking layer 140 that may
contain a metal oxide different 5 from each other. The block-
ing layer 150 may be formed by a CVD process, a PECVD
process, an LPCVD process, a PVD process, or the like.

Hereinafter, a multi-layered structure including the tunnel
insulation layer 110, the charge trapping layer 120 and the
blocking layer 150 may be referred to as a dielectric layer
structure 156.

The control gate layer 160 may be formed using a metal or
a metal nitride such as titanium nitride, tantalum nitride, or
the like. The control gate layer 160 may be formed by a CVD
process, a PVD process, a sputtering process, an atomic layer
deposition (ALD) process, or the like.

The gate mask layer 162 may be formed using silicon
nitride or silicon oxynitride by a CVD process, a PECVD
process, an LPCVD process, a spin coating process, or the
like.

In an example embodiment, a plurality of hard masks each
of which may extend 1n the first direction may be formed 1n a
second direction substantially perpendicular to the first direc-
tion on the tunnel msulation layer 110. The tunnel imnsulation
layer 110 and an upper portion of the substrate 100 may be
partially removed using the hard masks as an etching mask
such that trenches may be formed at the upper portion of the
substrate 100. The trenches may extend in the first direction
and may be spaced apart from each other along the second
direction.

The 1solation layers filling the trenches may be formed
using, €.g., silicon oxide. As mentioned above, the substrate
100 may be divided 1nto the active region and the field region
by the 1solation layers. The tunnel insulation layer 110 may
extend 1n the first direction on the active region of the sub-
strate 100.

Referring to FIG. 4, the gate mask layer 162 may be par-
tially etched by, for example, a photolithography process to
form a gate mask 167. The control gate layer 160 may be
partially etched using the gate mask 167 as an etching mask to
form a control gate 165. In example embodiments, the gate
mask 167 and the control gate 165 may have a linear shape
extending in the second direction.

Referring to FIG. 5, a gate spacer layer 180 covering the
control gate 165 and the gate mask 167 may be formed on the
blocking layer 150, and then a sacrificial layer 182 may be
tormed on the gate spacer layer 180.

In example embodiments, the gate spacer layer 180 may be
formed using silicon nitride or silicon oxynitride. As 1llus-
trated 1n FIG. 5, the gate spacer layer 180 may be formed
conformally on a top surface of the blocking layer 150 and a
sidewall of the control gate 165, and on the gate mask 167.

The sacnficial layer 182 may be formed using silicon oxide
by a CVD process, a PECVD process, or the like. In example
embodiments, the sacrificial layer 182 may suiliciently fill
spaces between the adjacent control gates 165 and between

the adjacent gate masks 167.

Referring to FIG. 6, the sacrificial layer 182 and the gate
spacer layer 180 may be partially removed by an anisotropic
etching process or an etch-back process. Accordingly, a gate
spacer 185 may be formed on sidewalls of the control gate 165
and the gate mask 167 and on a portion of the blocking layer
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150. A sacrificial spacer 187 may be formed on the gate spacer
185. In example embodiments, the gate spacer 185 may have
a substantial “L” shape.

A first opeming 1735 partially exposing the blocking layer
150 may be formed between the adjacent sacrificial spacers
187.

Referring to FIG. 7A, the dielectric layer structure 156 may
be partially etched using the sacrificial spacer 187 and the
gate spacer 1835 as an etching mask, Accordingly, the first
opening 175 may be expanded in a direction substantially
perpendicular to a top surface of the substrate 100 to form a
second opening 176. The etching process may include a dry
etching process.

As 1llustrated in FIG. 7A, the etching process may be
carried out until an upper portion of the tunnel insulation layer
110 may be removed. A portion of the tunnel insulation layer
110 exposed during the etching process may not be com-
pletely removed, so that defects such as a spike may be

prevented from occurring at an upper portion of the substrate
100.

As described above, the dielectric layer structure 156 may
be partially etched to form a dielectric layer structure pattern
157 including a tunnel insulation layer pattern 115, a charge
trapping layer pattern 125 and a blocking layer pattern 155. In
example embodiments, the blocking layer pattern 155 may
include a first blocking layer pattern 135 and a second block-
ing layer pattern 1435. Hereinafter, a structure including the
dielectric layer structure pattern 157, the control gate 165 and
the gate mask 167 may be referred to as a gate structure 170.

The dielectric layer structure 156 may be partially etched
such that the second opeming 176 may extend to the upper
portion of the tunnel msulation 110 1n FIG. 7A. However, a
depth of the second opeming 176 may not be limited as 1llus-
trated 1n FIG. 7A. For example, the etching process may be
carried out until the exposed blocking layer 150 may be
partially or enftirely removed. Further, the etching process
may be carried out until the exposed charge trapping layer
120 may be partially or entirely removed. The depth of the
second opening 176 may be adjusted according to an end
point of the etching process.

In example embodiments, the etching process may be car-
ried out until the exposed portion of the tunnel insulation
layer 110 may be entirely removed as illustrated 1n FIG. 7B.
In this case, an upper surface of the substrate 100 may be
partially exposed by a second opening 176a, and a plurality of
tunnel msulation patterns 115 may be regularly arranged
along the first direction to be spaced apart from each other.

In example embodiments, an upper portion of the substrate
100 exposed by the second opening 176a (see FI1G. 7B) may
be additionally etched to form a second opening 1765 extend-
ing under the upper surface of the substrate 100 as 1llustrated
in FIG. 7C.

Asillustrated in FIGS. 7B and 7C, a second opening 176 of
FIG. 7A may be expanded to increase a depth of an air gap as
described below.

Hereinatter, subsequent processes are described with ret-
erence to the structure 10 illustrated 1n FIG. 7A.

Referring to FIG. 8, the sacrificial spacer 187 may be
removed to form a third opening 178. In example embodi-
ments, the sacrificial spacer 187 may be removed by a wet
ctching process. An etching solution having an etching selec-
tivity for silicon oxide with respect to the gate spacer 183
including silicon mitride or silicon oxynitride may be utilized
during the wet etching process. The etching solution may
include, e.g., a hydrofluoric acid solution or a buifer oxide
etchant (BOE) solution.
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The sacrificial spacer 187 may be removed such that the
third opening 178 may have a larger width between the adja-
cent gate spacers 185 than a width of the second opening 176.
The third opening 178 may include an upper portion 178a and
a lower portion 1785. The upper portion 178a may be formed
substantially between the adjacent gate spacers 185. The
lower portion 1785 may be formed substantially between the
adjacent dielectric layer structure patterns 157 and may have
a smaller width than that of the upper portion 178a.

Referring to FIG. 9, an insulating interlayer 190 covering
the gate structures 170 and the gate spacers 185 may be
tormed on the substrate 100. An air gap 195 may be formed 1n
the msulating interlayer 190 between the adjacent gate struc-
tures 170. In example embodiments a plurality of air gaps 195
cach of which may extend in the second direction may be
formed along the first direction.

The msulating interlayer 190 may be formed using silicon
oxide having a poor step coverage such as TEOS, PE-TEOS,
USG, or the like, such that the air gap 195 may be formed
therein. The insulating interlayer 190 may be formed by, e.g.,
a CVD process,a PECVD process, an LPCVD process, orthe
like.

In example embodiments, the insulating interlayer 190
may be formed using a material having a lower dielectric
constant than that of silicon oxide so that a parasitic capaci-
tance or a cell coupling between the adjacent gate structures
170 may be decreased. For example, the isulating interlayer
190 may be formed using S10F, S10C, SiBN, SiBCN, or the
like. These may be used alone or 1n a mixture thereof. Process
conditions 1ncluding temperature, pressure and partial pres-
sures of oxygen and silicon in a chamber for the CVD process,
PECVD process or the LPCVD process may be controlled to
lower the step coverage so that the air gap 195 may be formed
between the adjacent gate structures 170.

In example embodiments, the air gap 195 may have an
upper portion 195q and a lower portion 1956 having different
widths from each other according to the shape of the third
opening 178. The upper portion 195q of the air gap 195 may
be formed substantially between the adjacent gate spacers
185, and the lower portion 1955 of the air gap 195 may have
the smaller width than that of the upper portion 195a and may
be formed substantially between the adjacent dielectric layer
structure patterns 157. For example, the air gap 195 may have
a substantial hammer (or “I1”’) shape in which the upper
portion 1954 and the lower portion 19556 may correspond to a
head and a grip, respectively.

In example embodiments, a cell coupling or a parasitic
capacitance occurring between the adjacent control gates 1635
may be prevented by the upper portion 195q of the air gap
195. Additionally, a breakdown voltage occurring when the
dielectric layer structure pattern 157 extends continuously 1n
the first direction may be blocked by the lower portion 1955
of the air gap 1935, so that a leakage current between the
adjacent gate structures 170 may be reduced.

In example embodiments, the gate spacer 185 and the
sacrificial spacer 187 may be formed ona sidewall 165a of the
control gate 1635, and then the dielectric layer structure 156
may be etched as described in FIG. 7A. Accordingly, the
sidewall 1654 of the control gate 165 and a sidewall 157a of
the dielectric layer structure pattern 157 may be spaced apart
from each other along the first direction. Therefore, a back
tunneling acceleration from the control gate 165 to an etching,
surface of the dielectric layer structure pattern 157, 1.e., the
sidewall 157a may be reduced.

Further, the sacrificial spacer 187 may be selectively
removed after forming the dielectric layer structure pattern
157, so that a space for forming the air gap 195 between the
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adjacent control gates 165 may be sufliciently achieved.
Accordingly, the air gap 195 may include the upper portion
195a having the width larger than that of the lower portion
1955, so that the parasitic capacitance and/or the cell coupling
between the control gates 165 may be efliciently blocked.

In example embodiments, the depth of the air gap may
become larger than 1llustrated 1n FI1G. 9.

Referring to FIG. 10, when the top surface of the substrate
100 1s exposed by the second opening 1764 as illustrated 1n
FIG. 7B, a lower portion 1965 of an air gap 196 may be
expanded more closely to the substrate 100.

Referring to FIG. 11, when the second opening 1765
extends into the upper portion of the substrate 100 as 1llus-
trated 1n FI1G. 7C, a lower portion 1975 of an air gap 197 may
extend beyond the upper surface of the substrate 100. Accord-
ingly, the air gap 197 may be formed between the adjacent
tunnel msulation layer patterns 115q sulficiently, so that a
leakage current between the adjacent dielectric layer struc-
ture patterns 157 may be efliciently reduced.

Additional processes for forming wiring structures (not
illustrated) such as a bit line, a common source line (CSL),
etc., may be performed to obtain the semiconductor devices
according to example embodiments.

FIGS. 12 and 19 are cross-sectional views illustrating
methods of manufacturing semiconductor devices 1n accor-
dance with example embodiments. For example, FIGS. 12 to
19 1llustrate methods of manufacturing floating-gate type
memory devices.

Referring to FIG. 12, a tunnel insulation layer 210, a float-
ing gate layer 220, a dielectric layer 230, a control gate layer
240 and a hard mask layer 250 may be sequentially formed on
a substrate 200.

The floating gate layer 220 may be formed using polysili-
con doped with impurities. For example, polysilicon may be
deposited on the tunnel 1nsulation layer 210 by a CVD pro-
cess, a LPCVD process, or the like, to form a polysilicon
layer. N-type impurities may be doped into the polysilicon
layer to obtain the floating gate layer 220. Alternatively, the
tfloating gate layer 220 may be formed using a metal having a
high work function such as tungsten, titanium, cobalt, nickel,
or the like. In this case, the floating gate layer 220 may be
formed by a PVD process, a sputtering process, an ALD
process, a CVD process, or the like.

The dielectric layer 230 may be formed using an oxide and
anitride to have a multi-layered ONO structure. Alternatively,
the dielectric layer 230 may be formed using a metal oxide
having a high dielectric constant to increase a capacitance and
reduce a leakage current. Examples of the metal oxide may
include hatnium oxide, titanium oxide, tantalum oxide, zir-
conium oxide, aluminum oxide, or the like. These may be
used alone or 1n a mixture thereof. The dielectric layer 230
may be formed by a CVD process, a PECVD process, a
LPCVD process, an HDP-CVD process, or the like.

The control gate layer 240 may be formed using polysili-
con, a metal, a metal nitride, a metal silicide, or the like, by,
¢.g., a PVD process, a sputtering process, an ALD process or
a CVD process. In example embodiments, the control gate
layer 240 may have a stacked structure of a polysilicon layer
and a metal layer. In example embodiments, the control gate
layer 240 may include doped polysilicon 1n at least an upper
portion thereof.

The hard mask layer 250 may be formed using silicon
nitride or silicon oxymitride by, for example, a CVD process,
a PECVD process, an LPCVD process or a spin coating
Process.

Referring to FIG. 13, the hard mask layer 250, the control
gate layer 240, the dielectric layer 230 and the floating gate
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layer 220 may be sequentially etched by, for example, a
photolithography process. Accordingly, a floating gate 225, a
dielectric layer pattern 235, a control gate 245 and a hard
mask 255 may be formed sequentially on the tunnel 1nsula-
tion layer 210.

For example, the hard mask layer 250 may be partially
etched by a photolithography process to form the hard mask
255 on the control gate layer 240. The control gate layer 240,
the dielectric layer 230 and the floating gate layer 220 may be
partially etched using the hard mask 2535 as an etching mask.
The tunnel 1mnsulation layer 210 may not be etched to protect
the substrate 200. In some example embodiments, the control
gate layer 240 and the dielectric layer 230 may be partially
ctched, and then the floating gate layer 220 may be partially
etched by a wet etching process or a dry etching process 1n
which an etching solution or an etching gas having a very low
ctching selectivity with respect to the tunnel msulation layer
210 may be used. In example embodiments, an upper portion
of the tunnel msulation layer 210 may be partially removed.

Accordingly, a gate pattern 260 including the floating gate
225, the dielectric layer pattern 235, the control gate 245 and
the hard mask 255 sequentially stacked on each other may be
formed on the tunnel insulation layer 210. In example
embodiments, a plurality of gate patterns 260 may be
arranged regularly 1n a first direction, and each gate pattern
260 may extend 1n a second direction substantially perpen-
dicular to the first direction.

Referring to FIG. 14, a process substantially the same as or
similar to that illustrated with reference to FIG. 5 may be
performed such that a gate spacer layer 280 covering the gate
patterns 260 may be formed on the tunnel insulation layer 210
and the sacrificial layer 282 may be formed on the gate spacer
layer 280. The gate spacer layer 280 may be formed using
s1licon mitride or silicon oxynitride, and the sacrificial layer
282 may be formed using silicon oxide. The sacrificial layer
282 may be formed to sulficiently fill spaces between the gate
patterns 260.

Referring to FIG. 15A, a process substantially the same as
or similar to that illustrated with reference to FIG. 6 may be
performed. In example embodiments, the sacrificial layer 282
and the gate spacer layer 280 may be partially etched by an
anisotropic etching process or an etch-back process. Accord-
ingly, a gate spacer 285 may be formed on a sidewall of the
gate pattern 260 and on a portion of a top surtace of the tunnel
insulation layer 210, and a sacrificial spacer 287 may be
formed on the gate spacer 285. In example embodiments, the
gate spacer 2835 may have a substantially “L” shape extending
in the second direction.

An upper portion of the tunnel mnsulation layer 210 may be
partially removed during the anisotropic etching process or
the etch-back process to form a tunnel insulation layer pattern
215. In this case, the tunnel insulation layer pattern 215 may
continuously extend 1n the first direction and may include a
plurality of stepped portions 216 arranged regularly along the
first direction. The gate pattern 260 and the gate spacer 285
may be located on the stepped portions 216.

In some example embodiments, a portion of the tunnel
insulation layer 210 between the gate spacers 285 that may be
exposed during the anisotropic etching process or the etch-
back process may be entirely removed as illustrated 1n FIG.
15B. In this case, a plurality of tunnel insulation layer patterns
215a that may be spaced apart from each other 1n the first
direction may be formed. An upper surface of the substrate
200 may be exposed between the adjacent tunnel nsulation
layer patterns 215a.

In some example embodiments, an upper portion of the
substrate 200 exposed between the adjacent tunnel insulation
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layer patterns 2154 may be additionally etched. Accordingly,
a space for forming an air gap between the gate patterns 260
by subsequent processes may be further expanded.

Hereinatter, subsequent processes are described with ret-
erence to the structure 1llustrated 1n FIG. 15A.

Referring to FIG. 16, a process substantially the same as or
similar to that illustrated with reference to FIG. 8 may be
performed to remove the sacrificial spacer 287. Accordingly,
an opening 275 may be formed between the adjacent gate
spacers 285 and between the adjacent stepped portions 216 of
the tunnel insulation layer patterns 215. The opening 275 may
include an upper portion 275a and a lower portion 2755. The
upper portion 275a may be formed substantially between the
adjacent gate spacers 283, and the lower portion 27556 may be
formed substantially between the adjacent stepped portions
216 of the tunnel 1nsulation layer patterns 215. In example
embodiments, the upper portion 275a may have a larger width
than that of the lower portion 27355.

Reterring to FIG. 17, a process substantially the same as or
similar to that illustrated with reference to FIG. 9 may be
performed to form an 1nsulating interlayer 290 covering the
gate patterns 260 and the gate spacers 285 on the tunnel
insulation layer pattern 215. The insulating interlayer 290
may include an air gap 295 therein between the adjacent gate
spacers 2835 and between the adjacent stepped portions 216.

In example embodiments, the air gap 295 may include an
upper portion 295aq and a lower portion 2955 having different
widths from each other according to the shape of the opening
275. The upper portion 295q of the air gap 295 may be formed
substantially between the adjacent gate spacers 285, and the
lower portion 29556 of the air gap 295 having the width smaller
than that of the upper portion 295a may be formed substan-
tially between the stepped portions 216 of the tunnel 1nsula-
tion layer patterns 215. For example, the air gap 295 may have
a substantial hammer (or “1”’) shape in which the upper
portion 295q and the lower portion 2935 correspond to a head
and a grip, respectively.

In example embodiments, a cell coupling or a parasitic
capacitance occurring between the adjacent control gates 245
and/or the floating gates 225 may be reduced by the upper
portion 295a of the air gap 295. Additionally, a breakdown
voltage occurring when the tunnel insulation layer pattern
215 extends continuously in the first direction may be blocked
by the lower portion 2955 of the air gap 293, so that a leakage
current may be reduced.

In some example embodiments, the depth of the air gap
may be expanded to greater than that illustrated 1n FIG. 17.

Referring to FIG. 18, when the top surface of the substrate
200 1s exposed between the tunnel msulation layer patterns
2154 as illustrated in FIG. 15B, a lower portion 2965 of an air
gap 296 may be formed more closely to the substrate 200.

Referring to FIG. 19, when the upper portion of the sub-
strate 200 1s partially etched as illustrated 1n FIG. 15C, a
lower portion 2975 of an air gap 297 may extend beyond the
upper suriace of the substrate 200 beneath the gate structures
260.

In the case of FIGS. 18 and 19, the air gap between the
adjacent tunnel insulation layer patterns 215 and 215a may be
formed more suiliciently because the lower portion of the air
gap may be expanded to the substrate 200.

The semiconductor devices according to example embodi-
ments may be embedded 1n or mounted on various semicon-
ductor packages. Further, the semiconductor devices or the
semiconductor packages may be applied to various systems.

FIG. 20 1s a schematic block diagram illustrating a com-
puting system in accordance with example embodiments.
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Referring to FIG. 20, a computing system 300 may include
a microprocessor (CPU) 320 electrically connected to a sys-
tem bus, a RAM 330, a user interface 340, a modem 350 such
as a baseband chipset and a memory system 310. The memory
system 310 may be, for example, a memory device 312 and a
memory controller 311. The memory controller 311 may be
configured to control the memory device 312. The memory
system 310 may serve as, €.g., a memory card or a solid state
disk (SSD) by a combination of the memory device 312 and
the memory controller 311. When the computing system 300
1s utilized for a mobile device, a battery may be further pro-
vided to supply an operating voltage to the computing system
300. In some example embodiments, the computing system
300 may include an application chipset, a camera 1mage
processor, a mobile DRAM device, or the like.

The foregoing 1s illustrative of example embodiments and
1s not to be construed as limiting thereof. Although a few
example embodiments have been described, those skilled 1n
the art will readily appreciate that many modifications are
possible 1 the example embodiments without materially
departing from the novel teachings and advantages of the
present mventive concept. Accordingly, all such modifica-
tions are intended to be included within the scope of the
present inventive concept as defined in the claims. In the
claims, means-plus-function clauses are intended to cover the
structures described herein as performing the recited function
and not only structural equivalents but also equivalent struc-
tures. Therefore, it 1s to be understood that the foregoing 1s
illustrative of various example embodiments and 1s not to be
construed as limited to the specific example embodiments
disclosed, and that modifications to the disclosed example
embodiments, as well as other example embodiments, are
intended to be included within the scope of the appended
claims.

What is claimed 1s:

1. A method of manufacturing a semiconductor device,
comprising;

sequentially forming a dielectric layer structure and a con-

trol gate layer sequentially on a substrate;

partially etching the control gate layer to form a plurality of

control gates;

forming a gate spacer and a sacrificial spacer sequentially

stacked on a sidewall of the control gate and on a portion
of the dielectric layer structure;

partially etching the dielectric layer structure using the

sacrificial spacer and the gate spacer as an etching mask
to form a plurality of dielectric layer structure patterns;
removing the sacrificial spacer; and

forming an imsulating interlayer on the substrate to form an

air gap, the msulating interlayer covering the dielectric
layer structure pattern, the gate spacer and the control
gate, and the air gap extending between the adjacent gate
spacers and between the adjacent dielectric layer struc-
ture patterns.

2. The method of claim 1, wherein the dielectric layer
structure includes a tunnel insulation layer, a charge trapping
layer and a blocking layer sequentially stacked on the sub-
strate.

3. The method of claim 2, wherein partially etching the
dielectric layer structure 1s performed until an upper portion
of the tunnel 1nsulation 1s removed.

4. The method of claim 2, wherein partially etching the
dielectric layer structure 1s performed until a top surface of
the substrate 1s exposed.

5. The method of claim 4, further comprising partially
ctching an upper portion of the substrate after partially etch-
ing the dielectric layer structure.
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6. The method of claim 1, wherein forming the gate spacer
and the sacrificial spacer includes:
forming a gate spacer layer covering the control gates on

the dielectric layer structure;

forming a sacrificial layer on the gate spacer layer; and

partially etching the sacrificial layer and the gate spacer
layer to form the sacrificial spacer and the gate spacer,
respectively, the gate spacer being formed on the side-
wall of the control gate and on the portion of the dielec-
tric layer structure, and the sacrificial spacer being
formed on the gate spacer.

7. The method of claim 6, wherein partially etching the
sacrificial layer and the gate spacer layer includes performing
an anisotropic etching process or an etch-back process.

8. The method of claim 6, wherein the gate spacer layer 1s
formed using silicon nitride or silicon oxynitride, and the
sacrificial layer 1s formed using silicon oxide.

9. The method of claim 8, wherein removing the sacrificial
spacer mcludes a wet etching process 1n which an etching
solution having an etching selectivity for the silicon oxide 1s
used.

10. The method of claim 1, wherein a width of the control
gate 1s smaller than a width of a top surface of the dielectric
layer structure pattern.

11. The method of claim 10, wherein the air gap includes an
upper portion between the adjacent gate spacers and a lower
portion between the adjacent dielectric layer structure pat-
tern, the upper portion having a width lager than a width of the
lower portion.

12. A semiconductor device, comprising;

a plurality of dielectric layer structure patterns on a sub-

strate;

a control gate on a top surface of the dielectric layer struc-
ture pattern, the control gate having a width smaller than
a width of the top surface of the dielectric layer structure
pattern;

a gate spacer on a stdewall of the control gate and on the top
surface of the dielectric layer structure pattern; and

an 1msulating interlayer covering the dielectric layer struc-
ture pattern, the control gate and the gate spacer, the
insulating interlayer including an air gap therein, and the
air gap 1including an upper portion between the adjacent
gate spacers and a lower portion between the adjacent
dielectric layer structure patterns,

wherein a width of the upper portion 1s larger than a width
of the lower portion.

13. The semiconductor device of claim 12, wherein the

gate spacer has an L-shape.

14. The semiconductor device of claim 12, wherein the
dielectric layer structure pattern includes a tunnel insulation
layer pattern, a charge trapping layer pattern and a blocking
layer pattern sequentially stacked on the substrate.

15. The semiconductor device of claim 14, wherein the
tunnel insulation layer pattern has a linear shape including a
plurality of stepped portions, and the charge trapping layer
pattern and the blocking layer pattern are disposed on the
stepped portion.

16. A non-volatile semiconductor memory device, com-
prising:

a gap on a substrate, the gap including an upper gap portion
and a lower gap portion between an upper surface of the
substrate and the upper gap portion, the upper gap por-
tion being wider than the lower gap portion;

directly adjacent dielectric layer structure patterns on the
substrate spaced apart from one another by the lower gap
portion; and
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directly adjacent control gates on the directly adjacent
dielectric layer structure patterns opposite the substrate,
the directly adjacent control gates being spaced apart
from one another by the upper gap portion.

17. The device of claim 16 further comprising: 5

a gate spacer on facing sidewalls of each of the directly

adjacent control gates and on an uppermost surface of
the dielectric layer structure pattern.

18. The device of claim 16 wherein the lower gap portion
extends along facing sidewalls of the directly adjacent dielec- 10
tric layer structure patterns to beyond an uppermost surface of
the substrate located beneath the directly adjacent control
gates.

19. The device of claim 16 wherein the gap comprises a “1”
shaped air gap. 15
20. The device of claim 16 wherein the lower gap portion

extends along facing sidewalls of the directly adjacent dielec-
tric layer structure patterns to beyond an uppermost surface of
the directly adjacent dielectric layer structure patterns located
beneath the directly adjacent control gates. 20

G e x Gx s
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